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Introduction
▼There is an ever-growing demand for rapid, efficient
techniques to search for unknown mutations. We have
extensive experience of a variety of approaches (Ref. 1) in-
cluding chemical cleavage of mismatch (HOT technique),
protein truncation test (PTT), direct automated sequenc-
ing, single-stranded conformation polymorphism analysis
(SSCP), dideoxy fingerprinting (ddF) and heteroduplex
analysis (HDA). Each method has advantages and disad-
vantages, and the most appropriate choice will depend
ultimately on the application. However we have found
that, in a medium- to large-scale mutation analysis project,
the conformation-based screening methods − SSCP, HDA
and ddF (Ref. 2, 3, 4) − are the most amenable to routine
use and can be adapted to minimise exposure to hazardous
chemicals and radionucleotides. These approaches are
based on the ability of single-stranded DNA (SSCP and
ddF) or heteroduplex DNA (HDA) to adopt distinct con-
formations depending on nucleotide sequence. Sequence
variation produces novel conformational species, and these
can be detected by non-denaturing polyacrylamide gel
electrophoresis.
Our test system to determine the efficiency of these
techniques is mutation analysis of the human PAX6 gene
in patients with aniridia (congenital absence of the iris).
Aniridia is dominantly inherited and is caused by heterozy-
gosity for loss-of-function mutations in the PAX6 gene,
which consists of 14 exons (Ref. 5). These mutations are
scattered throughout the gene and each affected individual
or family in general harbours a uniquemutation, necessitat-
ing an extensive search in every case. There is no evidence
for genetic heterogeneity in aniridia and it is reasonable to
assume that most (if not all) familial cases, where the in-
heritance pattern is clear and the diagnosis is unequivocal,
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are caused by mutations in PAX6. If we judge our detection
rate against the most severe criterion—the assumption that
all our familial aniridia patients have a PAX6mutation—we
have a ‘hit rate’ of over 75% using the combined SSCP/HDA
approach (described below) on genomic DNA. Recently
we have also applied the dideoxy fingerprinting (ddF)
technique to PAX6 and although we have not yet analysed
enough cases ourselves to present meaningful figures, ddF
has been reported to give a detection rate of 100% (Ref. 4).
Combined SSCP/HDA
General considerations
SSCP and HDA are quick, simple techniques that provide
a good starting point for mutation analysis. We have de-
veloped a protocol where they can be carried out together,
relying on the observation that, under SSCP conditions, a
significant proportion of a PCR product can reanneal be-
fore electrophoresis (Ref. 2, 3). The capture of single- and
double-stranded DNA on the same polyacrylamide gel al-
lows data from both techniques to be gathered at the same
time. A higher detection rate is achieved with both tech-
niques than with either one alone (Ref. 3) and subtle or
ambiguous shifts generated by one technique can be re-
solved by the other (Fig. 1). HDA is particularly good for
detecting deletion and insertion mutations.
This technique requires a ‘clean’ PCR product (i.e. de-
void of non-specific amplimers) of good yield. It is not
necessary to remove oligonucleotides and unincorporated
nucleotides. The size of the PCR product is very important
for this approach: we aim for a product length of around
200 bp because the efficiency of detection decreases rapidly
above this size (Ref. 6 and our unpublished observations).
It should also be noted that HDA is based on the formation
of duplexes containing one mutant strand and one normal
strand; if the starting material is homozygous (or hemizy-
gous) for the mutation, it is necessary to mix the test PCR
product with an equivalent amount of normal PCR product
before the denaturation step.
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FIGURE 1. Combined SSCP/heteroduplex analysis of genomic PCR products from the PAX6 gene. (a) Exon 6. Silver-stained gel 40 cm × 32 cm × 0.4
mm. Lanes 1 and 3, normal; lanes 2 and 4, aniridia patients. The patient in lane 2 has the mutation insT IVS6+2, which causes a subtle change in the SSCP
pattern (slanted arrow) but a clear shift in the heteroduplex band. The patient in lane 4 has the mutation G→A IVS6+1 and shows a shift in SSCP only
(horizontal arrow). (b) Exon 12. Silver-stained gel 18 cm × 16 cm × 1 mm. Lanes 1 and 3, normal; lane 2, aniridia patient. The patient has the mutation
delG1452 which results in shifts which are clearly resolved by both SSCP and HDA. (c) Exon 3. Silver-stained gel 18 cm × 16 cm × 1 mm). Lanes 1 and 3,
normal; lane 2, aniridia patient. This patient has the mutation delA IVS2-2 which results in a heteroduplex bandshift only. In each panel M is a molecular
weight marker [100 bp ladder (Promega)]. Figure reproduced with permission from Ref. 3, Copyright Academic Press Ltd., London, England.
Method
Electrophoresis
To prepare a non-denaturing 10% acrylamide, 3% bis-
acrylamide gel, we use Acrylogel pre-mix (BDH). The buffer
concentration in the gel is 1 × TBE. 5 µl of PCR product are
mixed with 2 µl denaturing dye (95% formamide, 20mM
EDTA, 0.25% bromophenol blue and 0.25% xylene cyanol),
denatured for 3 minutes at 98 ◦C and the mixture is placed
immediately on ice. The entire product (7 µl) is loaded on
to the gel with duck-billed tips and run in the cold room
(4 ◦C) with 1 × TBE buffer. We run large gels (sequencing
size: 40 cm × 32 cm × 0.4 mm) at 10 mA for 16 h, or small
gels (protein size, SE600 series gels (Pharmacia Biotech):
18 cm × 16 cm × 1 mm) at 10 mA for 10 h.
Detection by silver staining
CAUTION: Silver nitrate, particularly in solid form, is ex-
tremely toxic and great care should be exercised when han-
dling it. Aqueous solutions of silver nitrate can stain work
surfaces and should be cleared up immediately. Plastic trays
can also be stained by silver nitrate; Pyrex dishes should be
used where possible.
Following electrophoresis, the gel is transferred on the
back-plate to a dish for silver staining (Ref. 7). The gel is
soaked in 10% ethanol for 5 minutes, 1% nitric acid for
3 minutes, then rinsed briefly in distilled water. The gel is
then soaked for at least 20 minutes in a freshly prepared
solution of 1 mg/ml silver nitrate in water, ensuring that
the silver nitrate is completely dissolved before adding to
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the gel. A solution of 15 g anhydrous sodium carbonate in
500 ml water is prepared and 250 µl of 40% formaldehyde
is added. The gel is rinsed in water to remove the silver ni-
trate solution and 100 ml of the sodium carbonate solution
is added until the solution turns brown. This is discarded
and the remaining 400ml is added; at this stage, the nucleic
acid bands will begin to become visible in the gel. When
the desired intensity has been reached the staining solution
is discarded, the gel is rinsed twice in water and the reac-
tion is stopped by immersion in 10% glacial acetic acid for
2 minutes. The gel can now be photographed and/or dried
on to 3MM paper (Whatman) (slow heat setting up to 80 ◦C
on a gel drier for 1.5 to 2 h) to make a permanent record.
In our experience, large gels (sequencing rig, Fig. 1a) and
small gels (protein rig, Fig. 1b,c) both enable band shifts
to be seen. Larger gels afford marginally superior resolu-
tion because the DNA has further to migrate; conversely,
the handling of large gels is awkward and there is greater
susceptibility to tearing. On balance, we prefer to use small
gels. Caremust be taken not to overload the gel because this
can cause thickening and loss of resolution of heteroduplex
bands (SSCP bands do not seem to be so badly affected). Al-
though in theory a variety of electrophoretic parameters
can be adjusted to improve the sensitivity of SSCP (Ref. 8),
we have found that our combined approach, using just one
set of running conditions, gives very good results.
Dideoxy fingerprinting
General considerations
The second approach we use is dideoxy fingerprinting (ddF;
Ref. 4). In this method, a PCR product is cycle-sequenced
with a single dideoxy terminator to generate a ladder of
fragments; the products are then run under SSCP conditions
(Fig. 2). Themain advantage of ddF over conventional SSCP
is a significant improvement in themutation detection rate:
in ddF, the analysis is being performed simultaneously on
multiple chain-terminated products, thus, greatly increas-
ing the chance that a variant conformer will be generated.
In addition, the approximate position of the mutation can
be determined because the position on the gel where the
variant bands begin to appear is related to the site of the
mutation. Another advantage is that relatively large PCR
fragments can be generated as the template for multiple in-
ternal ddF reactions; for example, exons 9, 10 and 11 of the
PAX6 gene can be amplified together from genomic DNA
to yield a 750 bp product, which is then used as the tem-
plate for three individual ddF reactions with appropriately
positioned primers.
In order to maximise the efficency of ddF the base com-
position of the fragment should be considered. Ideally, the
base selected to terminate the cycle-sequencing reaction
FIGURE 2. Autoradiograph of a 40 cm × 32 cm × 0.4 mm, 10%
acrylamide 3% bis-acrylamide gel, showing ddF analysis of PAX6 exon 6
using ddCTP as the terminator. Lanes 2, 4, 6 and 8 are normal; lanes 1,
3, 5, 7 and 9 are aniridia patients. The mutations are as follows: lane 1,
delG661; lane 3, G639T; lane 5, insT IVS6+2; lane 7, G→A IVS6+1; lane
9, C545A. Asterisks indicate the first bandshift for each mutant sample,
but it can be seen in each case that there are multiple bandshifts above
the first.
should be relatively abundant, in order to yieldmore chain-
terminated products for SSCP, and evenly distributed, in
order to allow each region to participate equally while not
compromising resolution.
The success of this technique depends on the quality
of the cycle-sequencing reaction. A very low background
with consistency across samples is required, and we have
found that this can be achieved with the thermo sequenase
radiolabelled terminator cycle sequencing kit (Amersham).
In this kit, a radioactive label (33P) is incorporated into the
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sequencing reaction products at the 3‘ end. This ensures
that only properly terminated DNA strands are labelled
and so visible on the autorad. The reaction is cleaner than
strategies that use a radiolabelled primer or dNTP because
sequencing artefacts that result from the enzyme pausing
at regions of secondary structure or background caused
by primer extensions aborting prematurely at random
positions are eliminated. We have developed a one-tube
ddF protocol for minimum handling of large numbers of
samples.
Method
Clean-up procedure
One µl of PCR product of good yield is removed to a fresh
tube. To this is added 0.25 µl (0.5 units) shrimp alkaline
phosphatase (to inactivate dNTPs) and 0.25 µl (2.5 units)
exonuclease I (to degrade single stranded unincorporated
primers; PCR product pre-sequencing kit (Amersham) prod-
uct code: US 70995. The reaction is incubated at 37◦C for
15 minutes followed by an 80◦C incubation for 15 minutes.
Cycle sequencing
This is performed with the thermo sequenase radiolabelled
terminator cycle-sequencing kit (Amersham)) product code
US 79750. Volumes required for each ddF reaction are as
follows: 0.25 µl of 10 × reaction buffer; 0.25 µl of ther-
mosequenase polymerase; 0.5 µl of oligonucleotide at 10
µM (one direction only); 1 µl of termination mix; and 0.25
µl of the chosen radiolabelled α-33P dideoxy terminator.
This 2.25 µl of reaction mix is added to the cleaned PCR
product from step 1 and overlaid with mineral oil. The cy-
cle sequence parameters are identical to that of the original
PCR. At the end of cycling, 4 µl of denaturing formamide
dye (95% formamide, 20 mM EDTA, 0.25% bromophenol
blue and 0.25% xylene cyanol) is added to the tube.
Electrophoresis
The products of cycle sequencing are then treated as a con-
ventional SSCP reaction, heating to 98◦C for 3 minutes and
then placed immediately on ice. Half the sample is loaded
on to a 10% polyacrylamide, 3% bis-acrylamide sequencing
gel (prepared as for SSCP, see above) cast with a square-tooth
comb (we find that a shark’s-tooth comb gives more smil-
ing). The gel is run in 1 × TBE in the cold room (4◦C) at a
constant current of 10 mA for 9 h (200 bp product) or 11
h (300 bp product). As described above for SSCP/HDA, ddF
reactions can also be resolved on short (protein) gels; we
have found that it does not matter if the smallest products
run off the gel because these are often not long enough to
form conformational variants. In any case, the variation is
always reflected in the longer products, which are retained
on the gel (Fig. 2). After electrophoresis the gel is transferred
to 3MM paper (Whatman), dried on a gel drier and exposed
to autoradiographic film overnight.
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Products Used
Acrylogel pre-mix: Acrylogel pre-mix from BDH
Laboratory Supplies
SE600 series: SE600 series from Pharmacia
3MM paper: 3MM paper from Whatman Inc
Sequenase: Sequenase from Amersham Pharmacia
Biotech
PCR product pre-sequencing kit: PCR product
pre-sequencing kit fromAmersham Pharmacia Biotech
Sequenase: Sequenase from Amersham Pharmacia
Biotech
3MM paper: 3MM paper from Whatman Inc
100 bp ladder: 100 bp ladder from Promega Cor-
poration
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